Dermcidin (DCD) is an antimicrobial peptide which is constitutively expressed in eccrine sweat glands. By postsecretory proteolytic processing in sweat, the DCD protein gives rise to anionic and cationic DCD peptides with a broad spectrum of antimicrobial activity. Many antimicrobial peptides induce membrane permeabilization as part of their killing mechanism, which is accompanied by a loss of the bacterial membrane potential. In this study we show that there is a time-dependent bactericidal activity of anionic and cationic DCD-derived peptides which is followed by bacterial membrane depolarization. However, DCD-derived peptides do not induce pore formation in the membranes of gram-negative and gram-positive bacteria. This is in contrast to the mode of action of the cathelicidin LL-37. Interestingly, LL-37 as well as DCD-derived peptides inhibit bacterial macromolecular synthesis, especially RNA and protein synthesis, without binding to microbial DNA or RNA. Binding studies with components of the cell envelope of gram-positive and gram-negative bacteria and with model membranes indicated that DCD-derived peptides bind to the bacterial envelope but show only a weak binding to lipopolysaccharide (LPS) from gram-negative bacteria or to peptidoglycan, lipoteichoic acid, and wall teichoic acid, isolated from Staphylococcus aureus. In contrast, LL-37 binds strongly in a dosedependent fashion to these components. Altogether, these data indicate that the mode of action of DCD-derived peptides is different from that of the cathelicidin LL-37 and that components of the bacterial cell envelope play a role in the antimicrobial activity of DCD.
Antimicrobial peptides (AMPs) serve as a first line of innate host defense in many species such as plants, amphibians, insects, and mammals. AMPs show a broad-spectrum antimicrobial activity against a wide range of pathogens including bacteria, fungi, and enveloped viruses (51) . Most gene-encoded AMPs are synthesized as proforms, which are subsequently processed into mature peptides of various lengths. A common feature of most of these peptides is that they are cationic and form amphipathic structures (3) . The mode of action of most AMPs is incompletely understood. It is believed that most AMPs kill microorganisms by membrane permeation either via pore formation or via membrane disintegration like that induced by the human cathelicidin LL-37. However, membrane disruption may not reflect the complex processes involved in the killing of microorganisms (5, 48) . In addition, several AMPs clearly act differently and intracellular target sites have been identified (15) . The mode of action has been unraveled for only a few AMPs which act via defined targets, such as the lantibiotic nisin, which specifically binds to bacterial lipid II, a membrane-bound component involved in peptidoglycan (PG) synthesis (7, 46) . Similarly, the lantibiotic mersacidin interferes with transglycosylation and PG synthesis in gram-positive bacteria by direct targeting of lipid II (6) . Furthermore, buforin II kills microorganisms by disruption of critical intracellular processes such as the inhibition of macromolecular biosynthesis or by interacting with nucleic acids inside the microorganisms (33) . For several AMPs it has been demonstrated that the charge and the composition of the bacterial cell envelope determine sensitivity to AMPs (37) . Staphylococcus aureus mutants lacking specific modifications in the bacterial envelope are highly susceptible to a variety of cationic AMPs. For example, incorporation of D-alanine into S. aureus teichoic acids by the dltA enzymes or the lysinylation of phosphatidylglycerol by mprF confers resistance to defensins, protegrins, and other AMPs by repulsion of the cationic peptides (36) .
Dermcidin (DCD) was identified by our group as a human AMP which is constitutively expressed in eccrine sweat glands and secreted into sweat (40) . By postsecretory proteolytic processing in human sweat, the precursor protein gives rise to several truncated DCD peptides varying in length from 25 to 48 amino acids and with net charges between Ϫ2 and ϩ2 (2, 10, 38) . Several DCD peptides show antimicrobial activity against pathogenic microorganisms such as S. aureus, Escherichia coli, Enterococcus faecalis, Candida albicans, Staphylococcus epider-midis, Pseudomonas putida, and methicillin-resistant S. aureus as well as rifampin-and isoniazid-resistant Mycobacterium tuberculosis (9, 25, 40, 41, 45) . We were able to show that DCDderived peptides are also active under high-salt conditions and in a buffer resembling human sweat (40) . Antimicrobially active DCD peptides, namely, the anionic peptides DCD-1L (48-mer) and DCD-1 (47-mer) and the cationic peptides SSL-25 (25-mer) and SSL-23 (23-mer) , are derived from the C-terminal region of the precursor protein. Interestingly, these peptides have diverse and overlapping spectra of activity which are independent of the net peptide charge (41) . In previous studies we showed that DCD peptides interact with the bacterial cell envelope and kill gram-negative bacteria without forming pores in membranes (41) . In this study we investigated the mode of antimicrobial activity of DCD-derived peptides in more detail and studied bacterial factors that govern sensitivity or tolerance to DCD in the model microorganism S. aureus. In our first approach, we tried to identify the bacterial surface molecules to which DCD peptides bind. Second, we analyzed the bacterial response to DCD peptide challenge. Finally, we analyzed bacterial mutants to elucidate the mechanisms determining DCD sensitivity.
MATERIALS AND METHODS
Bacterial strains. The following bacterial strains were used: S. aureus ATCC 25923, S. aureus 113 (ATCC 35556), and S. aureus Newman. The following defined S. aureus 113 mutants were used: ⌬atl mutant, deficient in autolysin; ⌬srt mutant, deficient in sortase; ⌬spA mutant, deficient in protein A; ⌬ypfP mutant, with a reduced level of lipoteichoic acid (LTA); and ⌬tagO mutant, deficient in wall teichoic acid (WTA). Furthermore, S. aureus Newman mutant strains lacking agr, arl, sar, sae, or sigB (kindly provided by Christiane Wolz) were used. All strains were cultured in Luria-Bertani (LB) medium at 37°C and maintained on blood agar plates.
Peptides and chemicals. Peptides were synthesized utilizing 9-fluorenylmethoxycarbonyl-tertiary butyl chemistry using a multiple peptide synthesizer, Syro II (MultiSynTech). After cleavage, the crude peptide was purified by highpressure liquid chromatography on a reversed-phase C 18 Nucleosil 100-5C column to a purity of Ͼ95% using a linear gradient of 5 to 80% acetonitrile in 0.05% trifluoroacetic acid for 45 min. Peptide purity was controlled by matrix-assisted laser desorption ionization-time of flight mass spectroscopy and electrospray ionization. Peptides were dissolved in LiChrosolv H 2 O (Merck) to a concentration of 1 mg/ml and stored at Ϫ20°C. Labeling of the N terminus of DCD-1L, LL-37, and control peptide (GATTTAPSLSGKGNPEEEDVDTSQVLYE) with fluorescein isothiocyanate (FITC) was achieved by elongation of the N-terminal bound peptide with ␤-alanine and afterwards by FITC. The molecular mass was determined by matrix-assisted laser desorption ionization mass spectroscopy analysis and agreed with the calculated mass. FITC-labeled bovine serum albumin (BSA) was purchased from Invitrogen. All FITC-labeled peptides were prepared in double-distilled water (ddH 2 O) to a final concentration of 1 mg/ml. Radioisotopes (L- [4,5- 3 H]leucine, [methyl-3 H]thymidine, and [5-3 H]uridine) were purchased from Perkin-Elmer and diluted to appropriate concentrations in phosphate-buffered saline (PBS). DiBAC 4 (3) [bis-(1,3-dibutylbarbituric acid) trimethine oxonol] (Molecular Probes) was resuspended in methanol and diluted in ddH 2 O to a final concentration of 1 g/ml. Propidium iodide (PI; Sigma) was dissolved in ddH 2 O to a final concentration of 10 g/ml.
Antimicrobial assays. Antimicrobial assays were performed using the CFU assay as described previously (40, 41) . Briefly, overnight bacterial cultures were diluted 1:100 in LB medium and grown to an optical density at 600 nm of 0.4 to 0.8. The bacteria were pelleted, washed two times in sodium phosphate buffer, and then diluted to a concentration of 10 6 CFU/ml in 10 mM sodium phosphate buffer-10 mM NaCl (pH 7.4). Twenty microliters of the dilutions were incubated at 37°C for 2 h with the respective peptide diluted in water in a total volume of 60 l in 10 mM sodium phosphate buffer-10 mM NaCl (pH 7.4). Time-dependent antimicrobial assays were performed under the conditions described above. After incubation, cells were diluted 1:100 in 10 mM sodium phosphate buffer-10 mM NaCl (pH 7.4) and 100 l of the bacterial suspensions was plated in triplicate on blood agar. Bacterial colonies were counted after incubation for 18 to 24 h at 37°C. The antimicrobial activity was calculated as [(cell survival after peptide incubation)/(cell survival in buffer without peptide) ϫ 100]. The IC 90 designates the lethal concentration of the current synthetic peptide in g/ml which leads to 90% reduction of CFU compared to the buffer control.
Flow cytometry. Flow cytometric analysis of S. aureus was performed as described by Nuding et al. (30) and Mason and Gant (28) on a FACSCalibur flow cytometer (Becton Dickinson). All detectors were used with logarithmic amplification. Bacterial suspensions of 1 ϫ 10 7 to 1 ϫ 10 8 CFU/ml were incubated for 2 h with DCD-derived peptides or LL-37 (each at 50 g/ml) in a total volume of 100 l under the same conditions used in the antimicrobial assays. Bacteria were pelleted by centrifugation, washed with sterile PBS, and incubated for 5 to 10 min at room temperature with either DiBAC 4 (3) or PI (mass, 668.4 Da). Afterwards, bacteria were pelleted, washed in PBS, and resuspended in 300 l PBS. A total of 10,000 bacteria were analyzed in each sample, using Cell Quest software (Becton Dickinson) for data acquisition and analysis.
Flow cytometric analyses of the binding of FITC-labeled DCD-1L, LL-37, and (as control) BSA or control peptide to S. aureus 113 wild type and S. aureus ⌬tagO were performed as follows. Bacteria (3 ϫ 10 8 CFU/ml) in a total volume of 100 l were incubated with the above-mentioned labeled peptides each at 50 g/ml for 2 h at room temperature. Afterwards, bacteria were washed two times with PBS and then resuspended in PBS. Bacteria at a final concentration of 1 ϫ 10 8 CFU/ml were analyzed by flow cytometry using Cell Quest software (Becton Dickinson).
Gel retardation assay. Gel retardation assays were performed as described by Park et al. (33) by mixing 200 ng pBluescript II plasmid DNA or 2 g of yeast total RNA in 20 l of binding buffer (5% glycerol, 10 mM Tris-HCl [pH 8.0], 1 mM EDTA, 1 mM dithiothreitol, 20 mM KCl, and 50 g/ml BSA) at room temperature with different amounts of DCD peptides. After 60 min of incubation at room temperature, the reaction was stopped and the samples were loaded on a 1% agarose gel and detected by ethidium bromide staining.
Fluorescent electrophoretic mobility shift assay. The binding of peptides to teichoic acids was measured in a fluorescent mobility shift assay. Therefore, 0.25 mg/ml FITC-labeled peptides were incubated with 0.75 mg/ml of LTA or WTA in a total volume of 16 l for 1 h at room temperature. After native gel electrophoresis at 150 V for 1 h in a 1% agarose gel, the fluorescent peptides were detected using a fluorescence imager (Storm; GE Healthcare) with blue laser excitation. Binding to LTA or WTA provides additional negative charges to the peptides, resulting in a migration toward the anode.
Incorporation of radioactive metabolites. The effect of DCD peptides and LL-37 on the synthesis of macromolecules was studied by measuring the incorporation of 3 (49) . Briefly, 1 ϫ 10 6 CFU of mid-log-phase S. aureus ATCC 25923 resuspended in 10 mM sodium phosphate buffer-10 mM NaCl (pH 7.4) were incubated at room temperature for 1 min, 30 min, and 60 min with subinhibitory concentrations of several DCD peptides (10 g/ml) and LL-37 (1 g/ml) in the presence of 10 l/ml of either L- [4, Samples were afterwards collected onto filters (Filtermat A, GF/C; Perkin-Elmer) using vacuum filtration and washed thoroughly four to five times with ddH 2 O. The filters were dried for 2 min in a microwave oven and subsequently counted on a liquid scintillation analyzer (MicroBeta; Perkin-Elmer).
PG binding assay. PG (0.25 mg/ml) isolated from S. aureus 113 wild type was incubated with 30 l of DCD peptides (DCD-1L and SSL-25, 1 mg/ml) in a total volume of 130 l. Probes were incubated for 60 min with gentle shaking at room temperature. After centrifugation, the supernatant was separated from the PGpeptide reaction mixture and was collected. The pellet was washed once with PBS, and the supernatant of the washing step was also collected. Pellet was resuspended again in 130 l PBS, and elution was performed by boiling the reaction mixture for 5 min at 90°C. Samples (20 l) were separated by 15% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and stained with Coomassie PageBlue protein staining solution (Fermentas).
LTA and LPS binding assay. Wells of a flat-bottomed 96-well Microplate (Falcon; BD) were coated with LTA or lipopolysaccharide (LPS) (Sigma) by a method based on the work of Tobias et al. (42) and Yu and Kanost (50) . LTA or LPS was suspended at 40 g/ml in ddH 2 O and sonicated three times for 15 s each, and 50 l (2 g) of LPS or LTA suspension was added to each well. The plate was then incubated overnight until the water evaporated completely. The plates were heated at 60°C for 30 min and then blocked with 200 l/well of 1 mg/ml BSA in Tris buffer (TB) (50 mM Tris-HCl, 50 mM NaCl, pH 8.0) for 2 h at 37°C. After this, plates were rinsed four times with 200 l/well of TB. DCD-derived peptides diluted with TB containing 5 mM CaCl 2 and 0.1 mg/ml BSA were added at 50 l/well, and binding was allowed to occur for 3 h at room temperature. The plates were subsequently rinsed four times with 200 l/well of TB, and afterwards a rabbit polyclonal anti-DCD antiserum or a rabbit polyclonal anti-LL-37 antiserum (diluted 1,000-fold with TB containing 0.1 mg/ml BSA) was added at 100 l/well. After incubation at 4°C overnight, the wells were rinsed four times with 200 l/well of TB. Incubation for 2 h at 37°C was followed with biotinylated polyclonal swine anti-rabbit antiserum (Dako) diluted 2,000-fold with TB containing 0.1 mg/ml BSA. Streptavidin-alkaline phosphatase (Roche) diluted 2,000-fold with TB containing 0.1 mg/ml BSA was added at 100 l/well, and the mixture was incubated for 2 h at 37°C. The wells were washed again as described above, and 50 l/well of 1 mg/ml p-nitrophenyl phosphate (Sigma) was added and incubated at room temperature for 20 min. Absorbance at 405 nm of each well was determined using a microtiter plate reader (SLT.Spectra).
Preparation of liposomes used for surface acoustic wave (SAW) and Förster resonance energy transfer (FRET) assay. Rough mutant LPS from E. coli strain WBB01 was extracted by the phenol-chloroform-petroleum ether method (12), purified, lyophilized, and transformed into the triethylamine salt form.
Phospholipid liposomes composed of 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) and 1,2-dioleoyl-sn-glycero-3-[phospho-rac-(1-glycerol)] (DOPG), 1:1 (M:M) (Avanti Polar Lipids, Alabaster, AL), and LPS aggregates were prepared as 1 mM aqueous dispersions of the phospholipids or LPS. The lipids were dissolved in chloroform, and the LPS was dissolved in chloroform-methanol 7 CFU/ml) was incubated with DCD-1L or SSL-25 (50 g/ml) and as a positive control with the AMP LL-37 (50 g/ml) for 2 h, and damage to the bacterial membrane was measured by uptake of PI. It is evident that DCD-1L and SSL-25 do not form pores in the bacterial membrane (large enough to admit PI), whereas LL-37 induces membrane permeabilization. Lower concentrations of these AMPs (1 to 10 g/ml) also did not induce pore formation (data not shown). (B) Time-dependent changes in the bacterial membrane potential expressed as the percentage of depolarized S. aureus bacteria after peptide treatment compared to the untreated control. S. aureus ATCC 25923 (1 ϫ 10 7 CFU/ml) was incubated with DCD-1L, SSL-25, and LL-37 (each at 50 g/ml). After the indicated time points, bacterial membrane potential was measured after incubation with the membrane-potential-sensitive dye DiBAC 4 (3). Depolarization of bacterial membranes leads to an uptake of the anionic dye DiBAC 4 (3) inside the membrane, resulting in an increased fluorescent signal. In contrast to LL-37, which induces an immediate depolarization of the bacterial membrane, DCD-1L and SSL-25 change the bacterial membrane potential over time, starting with approximately 20% depolarized bacteria 90 min after peptide incubation and going up to 80% depolarized S. aureus bacteria 4 h after DCD treatment. (C) Time-dependent killing of S. aureus ATCC 25923 by DCD-1L (circles), SSL-25 (squares), and LL-37 (triangles) (each at 50 g/ml) measured by the CFU assay. Bacteria in the mid-logarithmic phase of growth were incubated with the peptides for the indicated times (0 to 150 min). The antibacterial activity of these peptides is expressed as percentage of bacterial cell death compared to the buffer control at the respective time points. 6 CFU/ml) incubated for the indicated time points with subinhibitory concentrations of DCD-1L, SSL-23, and SSL-29 (each at 10 g/ml) or LL-37 (1 g/ml) compared to control (untreated bacteria). These peptide concentrations kill approximately 50% of the bacteria. Protein, RNA, and DNA synthesis was measured by incorporation of respective radioactive precursors over time. The antimicrobially active DCD peptides DCD-1L and SSL-23 significantly inhibited mainly RNA and protein synthesis and to a minor degree DNA synthesis, whereas the nonactive DCD peptide SSL-29 did not significantly affect the metabolic rates in S. aureus. Significant changes (P Ͻ 0.05) are marked with an asterisk. At top the time-dependent Lipid binding studies. The FRET technique was used as a probe dilution assay to obtain information on the intercalation of the peptides into lipid liposomes or LPS aggregates. A preparation of 1 ml of the double-labeled liposomes (10 Ϫ5 M) at 37°C was excited at 470 nm ( ex of NBD-PE), and the intensities of the emission light of the donor NBD-PE (531 nm) and acceptor Rh-PE (593 nm) were measured simultaneously on the SPEX F1T11 fluorescence spectrometer (SPEX Instruments). Five microliters of the peptides DCD-1L, SSL-25, SSL-29, and LL-37 (1 mg/ml) were added to liposomes after 50 s. Since FRET spectroscopy is used here as a probe dilution assay, intercalation of molecules causes an increase in the distance between donor and acceptor in the liposomes and, thus, leads to a reduced energy transfer. This again causes an increase in the donor and decrease in the acceptor intensities. For a qualitative analysis of experiments, the quotient of the intensities of the donor dye and the acceptor dye is plotted against time (designated in the following as the FRET signal). The results shown are representative of three independent experiments. The SAW biosensor system (Biosensor GmbH, Bonn, Germany) was used as described before (1) . Briefly, in the SAW biosensor a SAW is propagated along a sensor surface and the modification of its phase and amplitude induced by binding of molecules to the surface is a measure for mass adsorption and change of viscoelastic properties, respectively. Measurements were performed at a continuous buffer flow of 20 l/min. By injection of 100 l poly-L-lysine (60 g/ml; Fluka) and subsequent injection of 100 l phospholipid liposomes (100 M) or 100 l LPS aggregates (100 M), the bilayer was prepared, and finally 100 l of the respective peptides (100 g/ml) was added. All experiments were performed at a temperature of 22°C.
Statistical analysis. Statistical analyses were performed with a two-tailed unpaired t test. P values Ͻ 0.05 were considered to be statistically significant.
RESULTS
Time-dependent killing of S. aureus by DCD-derived peptides is followed by membrane depolarization without pore formation. Many AMPs induce membrane permeation via pore formation, which is accompanied by a loss of the bacterial membrane potential. Our previous analyses of gram-negative bacteria using membrane permeability assays and efflux assays using liposomes indicated that DCD-derived peptides do not affect membrane permeability (41) . In order to analyze the mechanisms determining sensitivity towards anionic and cationic DCD peptides in gram-positive bacteria, we developed a flow cytometric method for the simultaneous measurement of bacterial membrane permeability and membrane potential and compared this with the changes in the number of CFU in a sample over time after treatment with DCD-derived peptides. As a model organism, we used the gram-positive bacterium S. aureus and the anionic DCD peptide DCD-1L and the cationic DCD peptide SSL-25, both antimicrobially active on S. aureus (41) . For comparison, we used a pore-formation-inducing AMP, the human cathelicidin LL-37 (Table 1) .
S. aureus bacteria were treated with 50 g/ml DCD-1L, SSL-25, or LL-37 for 2 hours and then incubated with the DNA-binding dye PI, which binds to DNA only when the bacterial membrane is permeable. Flow cytometric analyses indicated that the antimicrobially active DCD peptides DCD-1L and SSL-25 did not induce pore formation of the bacterial membrane, whereas LL-37 permeabilized the membrane of S. aureus (Fig. 1A) . In a second step, S. aureus were incubated after peptide incubation with the membrane-potential-sensitive dye DiBAC 4 (3). Depolarization of bacterial membranes leads to an uptake of the anionic dye DiBAC 4 (3) inside the cells, resulting in an increased fluorescent signal. As seen in Fig. 1B, DCD-1L and SSL-25 changed the bacterial membrane potential over time starting with approximately 20% depolarized bacteria 90 min after peptide incubation and going up to 80% depolarized S. aureus bacteria 4 h after DCD treatment. In contrast, the pore-forming peptide LL-37 depolarized the membrane of S. aureus within the first 30 min (Fig. 1B) . This resembles the time kinetics of antimicrobial activity of these peptides: whereas LL-37 killed S. aureus in the first 30 min after incubation, DCD-1L and SSL-25 showed 100% killing only after 60 min (Fig. 1C) . Comparison of the time kinetics of killing and those of membrane depolarization suggests that depolarization of the bacterial membrane may be a secondary event following the lethal hit of the DCD peptides against the bacteria. However, as was pointed out by Jepras et al. (20) , whereas the depolarization assay depicts results in real time, colony count data indicate that the lethal hit probably occurred sometime during the overnight incubation.
DCD-derived peptides inhibit bacterial macromolecular synthesis without binding to microbial DNA or RNA. To analyze whether DCD-derived peptides inhibited the macromolecular synthesis in S. aureus, the incorporation of the radioactive precursors L- [4,5- 3 H]leucine, [methyl-3 H]thymidine, and [5- 3 H]uridine for protein, DNA, and RNA synthesis, respectively, after treatment with subinhibitory concentrations of DCD-1L and SSL-23 (each at 10 g/ml) and LL-37 (1 g/ml) was observed over time (1 to 60 min). Interestingly, both DCDderived peptides inhibited mainly RNA and protein synthesis and to a minor degree DNA synthesis, whereas the nonactive DCD peptide SSL-29 did not significantly affect the metabolic rates in S. aureus (Fig. 2A) . The positive controls, ciprofloxacin, rifampin, and tetracycline, caused inhibition of DNA, RNA, and protein synthesis, respectively, over time and were used as controls in the incorporation assays (data not shown).
To analyze whether the inhibition of RNA and protein synthesis was due to binding of DCD-1L and SSL-25 to microbial DNA or RNA, we performed a gel retardation assay with two other AMPs known to bind to DNA or RNA: indolicidin is antimicrobial activity of subinhibitory concentrations of DCD-1L, SSL-23, and SSL-29 (each at 10 g/ml) and LL-37 (1 g/ml) used in the metabolic assays is shown. SSL-23 has antimicrobial activity similar to that of SSL-25. Data represent the means of at least three independent experiments showing percentages of cell death over time. known to bind to bacterial DNA (19, 27) and buforin II (a histone 2A-derived peptide) is known to bind to yeast RNA (33) . As shown in Fig. 2B and C, neither DCD-1L nor SSL-25 was able to bind to microbial DNA or RNA. There is also no binding of LL-37 to microbial DNA or RNA under these conditions (data not shown).
Deletion of global regulatory molecules in S. aureus does not change sensitivity toward DCD-derived peptides. It has been suggested that DCD induces the expression of the key regulators of virulence factors agr and sarA involved in quorum sensing in S. epidermidis (24) . We asked whether in S. aureus the quorum sensing regulation and global regulators play a role in sensitivity to DCD. Therefore, we analyzed the antimicrobial activity of DCD-1L, SSL-25, and LL-37 against mutant S. aureus strains lacking the key regulator agr, arl, sar, sae, or sigB. The sensitivity of S. aureus mutants toward the analyzed peptides did not differ (IC 90 for wild-type S. aureus and the mutant strains for DCD-1L and SSL-25 is between 9 and 9.5 g/ml and that for LL-37 is Ͼ5 g/ml). This indicated that these global regulators do not play a role in the regulation of DCD and LL-37 antimicrobial activity.
DCD-derived peptides in contrast to LL-37 show only a weak binding to components of the cell envelope of gramnegative and gram-positive bacteria. In our previous studies using immunoelectron microscopy, we showed that anionic and cationic DCD peptides interact with the bacterial cell envelope (41) . In order to identify the targets with which DCD peptides mainly interact, we performed binding studies with components of the cell envelope of gram-positive and gram-negative bacteria and with model membranes.
First, we incubated DCD-1L (anionic), SSL-25 (cationic), SSL-29 (neutral), and LL-37 (cationic) with unilamellar liposomes made of a 1:1 molar ratio of the phospholipids phosphatidylcholine (DOPC) and phosphatidylglycerol (DOPG). We measured the interaction or intercalation of the peptides with the model membranes using SAW biosensor analysis and FRET spectroscopy. All analyzed DCD peptides irrespective of charge and antimicrobial activity bound to DOPC-DOPG membranes and could intercalate into the membranes; however, the cathelicidin LL-37 bound much more strongly at the tested concentrations (Fig. 3A and B) . Furthermore, binding studies with LPS from gram-negative bacteria indicated that DCD peptides bind only weakly to LPS compared to LL-37 at the tested concentrations (Fig. 3A and B) . Addition of lipid II did not have an effect on binding (data not shown).
In order to test whether DCD peptides are able to interact with components of gram-positive bacteria, we performed binding studies with LTA, WTA, and PG isolated from S. aureus. Similar to the results from the studies described above, DCD peptides showed only a weak binding to LTA in contrast to LL-37, which bound in a dose-dependent fashion to these components ( Fig. 3C and 4D) . Furthermore, DCD-1L and SSL-25 showed only low-level binding to PG (Fig. 4B and C) , in contrast to S. aureus amidase used as a positive control (Fig.  4A) . Interestingly, both DCD-1L and LL-37 did not bind to WTA (Fig. 4D) .
Antimicrobial activity against S. aureus cell envelope mutants. To analyze whether mutants of S. aureus lacking specific cell envelope modifications are more susceptible to cationic and anionic DCD-derived peptides, we performed antimicro- (A) Binding of the peptides to LPS from strain WBB01 and DOPC-DOPG membranes determined in a SAW biosensor assay. After the adsorption of the respective lipid (0 to 300 s), 100 l of each of the peptides (100 g/ml) was injected at 600 s. The buffer was 10 mM NaCl-10 mM sodium phosphate, pH 7.0; the temperature was 22°C; and the flow rate was 20 l/min. (B) Intercalation of the peptides into LPS from WBB01 and DOPC-DOPG aggregates. Changes of the FRET signal versus time after addition of 5 l peptide (1 mg/ml) at 50 s to 1 ml suspensions of aggregates (10 M) double labeled with NBD-PE and Rh-PE. The buffer was 10 mM NaCl-10 mM sodium phosphate, pH 7.0; the temperature was 37°C. (C and D) Dose-dependent binding of DCD-derived peptides (DCD-1L, SSL-25, and SSL-29) and LL-37 to 2 g of immobilized LTA (C) or LPS (D) on microtiter plates. Binding assays were performed in triplicate, and the mean values with standard deviations are shown.
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on April 29, 2016 by guest http://aac.asm.org/ bial assays with the S. aureus ⌬atl mutant, deficient in the major autolysin; the ⌬srt mutant, deficient in sortase; the ⌬spA mutant, deficient in protein A; the ⌬ypfP mutant, with a reduced level of LTA; and the ⌬tagO mutant, deficient in WTA, and the corresponding wild-type strain 113. As can be seen in Table 2 , all mutants showed susceptibilities to DCD-1L, SSL-25, and LL-37 similar to that of the wild-type S. aureus. Interestingly, the S. aureus ⌬tagO mutant showed a time kinetic of antimicrobial activity of DCD-1L, SSL-25, and LL-37 different from that of the wild type ( Fig. 5A to C). To figure out the reason for the delay of antimicrobial activity in the ⌬tagO mutant, we performed binding studies with FITC-labeled DCD-1L and LL-37 as well as an irrelevant control peptide and the control protein BSA with the wild-type strain and the ⌬tagO mutant and directly analyzed binding of the FITClabeled peptides to the bacterial envelope by flow cytometry (Fig. 5D) . Interestingly, binding of all peptides including the control peptides to the cell envelope of the ⌬tagO mutant was stronger than to the wild-type S. aureus strain. This indicated that the WTA-deficient mutant had the ability to bind peptides in a more unspecific way.
DISCUSSION
In order to elucidate the mechanism of action of DCDderived peptides, we studied bacterial factors that govern sensitivity or tolerance to DCD in the model microorganism S. aureus. We could show that there is a time-dependent killing by anionic and cationic DCD-derived peptides which is followed by bacterial membrane depolarization without pore formation. Interestingly, DCD-derived peptides inhibit bacterial macromolecular synthesis without binding to microbial DNA or RNA. In our previous studies using immunoelectron microscopy, we could show that anionic and cationic DCD peptides interact with the bacterial cell envelope (41) . In order to identify the targets of DCD peptide binding, we performed binding studies with components of the cell envelope of gram-positive and gram-negative bacteria and with model membranes. These studies indicated that DCD-derived peptides show only weak binding to LPS from gram-negative bacteria as well as to PG, LTA, and WTA isolated from S. aureus. In contrast, LL-37 binds strongly to these components in a dose-dependent fashion. This is also reflected by the stronger binding of LL-37 than of DCD-1L to the cell envelope of S. aureus as seen by flow cytometric analyses. These data indicate that the mode of action of DCD-derived peptides is different from that of the cathelicidin LL-37 and probably most other pore-formationinducing AMPs.
In our previous studies, we showed that DCD peptides interact with the bacterial cell envelope. We showed that the active part of the DCD-1L sequence resides in the first 23 amino acids and that the net charge of the DCD peptides is not essential for the antimicrobial function. Cationic (SSL-25) and anionic (DCD-1L) DCD peptides exhibit similar spectra of activity against several gram-positive and gram-negative bacteria including methicillin-resistant S. aureus (41) . In this study we extended these studies and showed that the anionic DCD-1L and the cationic SSL-25 behave similarly in respect to inhibition of macromolecular synthesis, depolarization of the bacterial membrane, and binding to components of the bacterial cell envelope in S. aureus. Furthermore, our data indicate that the charge of the DCD peptide is not essential for binding to the bacterial membrane or for structure formation and that the first 23 amino acids of DCD-1L are crucial for binding of the peptide to the bacterial cell envelope.
Disruption of the dltA or mprF gene in S. aureus increases the susceptibility to several cationic AMPs like defensins, protegrins, or amphibian magainin (35, 36) . In previous studies we showed that in a similar way the mprF and dltA bacterial envelope mutants lacking cell envelope modifications are more sensitive to the activity of DCD peptides irrespective of the charge of the latter (41) . In this study we found a similar susceptibility toward DCD-1L, SSL-25, and LL-37 of several mutants of S. aureus lacking specific cell envelope modifications compared to the wild-type S. aureus strain. Interestingly, it was recently shown that WTA deficiency in S. aureus confers a selective increase in bacterial resistance to the AMPs mammalian group IIA phospholipase A2 and human ␤-defensin 3 (22) . These findings suggested a selective role of WTA in the antistaphylococcal actions of certain AMPs and indicate an important and general role of components of the staphylococcal cell envelope in the sensitivity to several AMPs including DCD peptides. In this study we show that binding of DCD peptides and the control peptides to the cell envelope of the WTA-deficient mutant is stronger than to the wild-type S. aureus strain. This may be due to the distinct morphology of the ⌬tagO mutant, which has a rough surface with many surface protrusions, in contrast to wild-type S. aureus cells, which are round and have a smooth surface (22) . This suggests that the increase in resistance to several AMPs in this mutant may be partly due to the fact that AMPs are trapped in an unspecific way on the rough and enlarged cell envelope and because of this can find their specific targets only in a less efficient way.
Cell death due to cationic AMPs may begin as quickly as 2 to 3 min after initial exposure (4, 16, 26, 43) . It has been primarily attributed to membrane perturbation due to pore formation, membrane permeabilization, or depolarization of the bacterial membrane, which leads to loss of ions and metabolites, cessation of essential vital functions, and ultimately to cell death (5, 17, 20, 48) . In gram-negative bacteria human defensins sequentially permeabilize the outer and the inner membrane (13, 26) . In gram-positive cells, exposure to some AMPs results in an immediate increase in water and ion flow, an efflux of ions, swelling, and osmotic dysregulation (21, 29) . Time kinetics indicated that the killing of bacteria by DCD peptides is a rather slow process, taking at least 1 hour in vitro. This is in contrast to LL-37, which is able to kill the bacteria by membrane permeabilization after the first few minutes. Inter- a The following defined S. aureus mutants were used: ⌬atl mutant, deficient in autolysin; ⌬srt mutant, deficient in sortase; ⌬spA mutant, deficient in protein A; ⌬ypfP mutant, reduced level of LTA; ⌬tagO mutant, deficient in WTA.
b IC 90 designates the concentration of peptide in g/ml able to kill 90% of the microorganisms (1 ϫ 10 6 CFU/ml) in 10 mM sodium phosphate-10 mM NaCl in a CFU assay compared to the control incubated only in buffer without peptide. The values are means Ϯ standard deviations of at least three independent experiments. There is no significant change of antimicrobial activity for the mutant strains compared to the wild-type S. aureus strain 113 (P Ͼ 0.05).
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on April 29, 2016 by guest http://aac.asm.org/ estingly, DCD peptides show a time-dependent inhibition pattern of macromolecular synthesis similar to that of LL-37, although the two differ with respect to the ability to induce pore formation and binding to components of the bacterial cell envelope. This suggests that inhibition of RNA and protein synthesis by these AMPs is only a secondary effect and that the mechanism of antimicrobial activity of these peptides has still to be elucidated. Since DCD peptides are antimicrobially ac- tive against gram-negative and gram-positive microorganisms and Candida albicans, DCD might use a general mechanism of action which is similar in different types of microorganisms. It has been suggested that a given AMP may use more than one antimicrobial mechanism (37) . In this respect DCD and LL-37 are two examples with different major but also overlapping antimicrobial mechanisms. It may be that DCD peptides act similarly to the non-membrane-permeabilizing AMPs already described (5, 31, 48) . Several AMPs are suggested to target bacterial components other than membranes such as nucleic acids. In recent years it became evident that a series of cationic antibacterial peptides can enter bacterial cells by passive transport (11) . Buforin II and its truncated analogs penetrate the cell membrane but do not permeabilize it. Buforin II kills bacteria by binding to nucleic acids (33) . Furthermore, several AMPs are able to kill microorganisms by inhibition of macromolecular biosynthesis (18, 33, 44) or by interacting with specific vital components inside the microorganisms (39) . Similarly to buforin II, thrombin-induced platelet microbicidal protein 1 and human neutrophil defensin 1 kill bacteria slowly by inhibiting protein and DNA synthesis (47) . The frog AMP dermaseptin inhibits RNA synthesis. It translocates across lipid bilayers but does not permeabilize membranes (34) . The proline-rich peptide apidaecin binds nonspecifically to outer membrane components, followed by invasion of periplasmic space and by a specific and irreversible engagement with a membrane-bound receptor molecule. Finally, the peptide is translocated into the cell, where it meets its ultimate target (8) . Pyrrhocoricin and drosocin are proline-rich AMPs and kill bacteria by inactivating ATPase activity of the bacterial heat shock protein DnaK and inhibiting chaperone-assisted protein folding (23, 32) . Apparently many AMPs interfere with bacterial enzymatic processes (31) . One hypothesis is that in addition to membrane activities, cationic peptides and proteins might render bacteria nonviable by activating their autolytic wall enzymes, muramidases, resulting in bacteriolysis (14) . In this respect cationic AMPs mimic the bactericidal effects exerted by ␤-lactam antibiotics.
Analysis of the bacterial response to DCD-1L peptide challenge by transcriptome analysis in S. epidermidis indicated that DCD induces a general stress response with upregulated expression of the global regulatory systems agr, sarA, and saeRS (24) . However, this stress response seems to be a secondary effect and not essential for the antimicrobial function of DCD peptides, since S. aureus mutants lacking each of these global regulators show the same sensitivity toward DCD-1L and SSL-25.
In conclusion, we suggest a model in which negatively or positively charged DCD peptides bind to the bacterial cell envelope by electrostatic interaction and by binding to several defined targets (not yet identified) without causing massive permeabilization. This may impair vital functions to such an extent that the system gets highly stressed and gives the bacterium the signal to reduce bacterial RNA and protein synthesis. Still, the mode of antimicrobial activity of DCD-derived peptides has to be elucidated and the targets in the bacterial envelope to which DCD peptides bind have to be identified.
